Summary

Background
Excess adipose tissue may lead to sequestrating of vitamin D, making it less available for use in the body. 
Methods
Sixty-three women who were overweight/obese (BMI = 31.07 AE 5.00 kg m
À2
) were randomly assigned in a double-blind manner to receive 5,000 IU of vitamin D 3 (D 3 ) (n = 31) or a placebo (PL) (n = 32) daily. Serum 25(OH)D concentrations were measured by finger-stick analyses at baseline and after 8 weeks of supplementation. Data were analyzed by using a 2 × 2 (group × time) repeated measure multivariate analysis of variance to determine group differences for pre-values and post-values (p < 0.05).
Results
On day one of the study, both D 3 and PL groups had insufficient levels of vitamin D (mean AE SD) 24 .03 AE 9.78 ng mL À1 and 23.62 AE 9.77 ng mL
À1
, respectively. After 8 weeks of supplementation, the D 3 group 25(OH)D level rose to a mean of 43.57 AE 10.87 ng mL À1 (p < 0.001) versus the PL group whose 25(OH)D level remained statistically unchanged 24.31 AE 8.84 ng mL
. Women who were overweight/obese had insufficient vitamin D levels prior to supplementation.
Conclusions
Following supplementation with 5,000 IU of vitamin D 3 , all subjects' 25(OH)D levels rose to a sufficient level (≥30 ng mL
Introduction
Vitamin D is a fat-soluble vitamin that has many roles in the body. Perhaps, its most well-known and important role is that it promotes the absorption of calcium from the small intestine and aids in retaining calcium that may otherwise be excreted. It also assists in maintaining phosphorus levels. Both calcium and phosphorus are crucial to healthy bone development and maintenance. Vitamin D deficiency in adults causes osteomalacia and an increased risk of falls (1) . Receptors for vitamin D are found throughout the body, including genes and many types of cell membranes (2) (9) .
Because vitamin D is produced by a healthy body under conditions of adequate sunlight, any factor that reduces the amount of UV-B exposure may reduce the natural production of vitamin D and could put one at risk of deficiency or insufficiency. Living at latitudes greater than 37°N and below 37°S during the winter and early spring, the shorter days and greater cloud cover can all negatively affect 25(OH)D levels. Because of seasonal variation in UV-B exposure, 25(OH)D levels are lowest in the winter and early spring (10) . Physical barriers such as clothing, sunscreens and UV-blocking glass can also negatively affect 25(OH)D levels (2, 11, 12) .
However, insufficient vitamin D production is not limited to non-biological factors. Skin pigmentation can play a significant role, as it can hinder UV-B absorption, even under conditions of adequate exposure (2) . People with lighter skin absorb more UV-B rays than those with darker skin. The body also seems to lose its ability to produce vitamin D over time. Increasing age has been associated with lower levels of vitamin D, regardless of the season or location (13) . These situations and conditions necessitate an increased focus on obtaining vitamin D from food and supplements.
Yet there are certain medical conditions that appear to inhibit the body's ability to adequately extract vitamin D from exogenous sources. These include digestive disorders such as celiac disease and Crohn's disease (14, 15) . Also, there are medications taken for other adverse health conditions that can lead to malabsorption of vitamin D, such as corticosteroids, and certain cholesterol-lowering drugs (16) .
Interestingly, 25(OH)D levels have also been associated with body fat levels. There appears to be ample evidence that there is an inverse relationship between 25(OH)D and adiposity. Obese individuals are considered high risk for vitamin D deficiency. This may be partially due to a possible decreased exposure to UV-B light due to limited mobility (17) . However, there are also metabolic factors that may be considered.
One is that parathyroid hormone (PTH) can negatively affect 25(OH)D production. Increased levels of PTH, which are associated with obesity, can enhance the production of 1,25(OH) 2 D, creating negative feedback that reduces the synthesis of 25(OH)D in the liver (18) . However, some research has indicated that 1,25(OH) 2 D may not always be elevated in the obese, despite high levels of PTH (19) .
Additionally, because of vitamin D being fat soluble, it may be sequestered by excess adipose tissue, thus making it less available for use by the body (20) . However, research by Drincic et al. challenged this claim when they demonstrated that once adjustments were made for body volume, 25(OH)D levels between obese and non-obese subjects were the same (21) .
Although the daily requirement for vitamin D in 19-to 70-year-old women with a body mass index (BMI) between 18 and 24.9 kg m À2 is 1,500-2,000 IU d À1 , in women who are overweight or obese, the daily requirement is much higher (22 
Methods and procedures
Study design
This study was a randomized, double-blind experimental trial and was approved by the Institution Review Board and Institutional Biosafety Committee at Northern Illinois University. Recruitment was carried out via flyers posted across the university campus and in various retail and/or service establishments within a 30-mile radius of the campus. Interested participants were screened either via e-mail or over the phone to determine if they qualified for the study. Provided they met inclusion and exclusion criteria, participants were sent a 3-d food record to complete and were scheduled for their first visit. All participants voluntarily signed an Institutional Review Board-approved informed consent prior to participation in the study.
Participant population
To be eligible to participate in this study, women must have met the following criteria: being healthy, having an age of 18-65 years, and having a BMI over 25 kg m À2 .
Those individuals who were pregnant, were hemophiliac and had hepatic or renal disease were taking more than 1,000 IU of supplemental vitamin D daily, and those using tanning beds were ineligible to participate. Seventy-one women who met the selection criteria participated in this study. Eight participants were excluded from the study (four participants were in the vitamin D group and four participants were in the placebo group) because of non-compliance with the study protocol.
Anthropometric measurements
Anthropometric measurements were taken with subjects in lightweight clothing and bare feet. Height was measured by using a wall-mounted stadiometer (Ayrton Stadiometer Model S100; Ayrton Corp., Prior Lake, MN, USA). Weight, fat mass, percent fat, fat-free mass and BMI were assessed by using a bioelectrical impedance scale (Tanita Body Composition Analyzer TBF-300A; Biospace Inc., Los Angeles, CA, USA). BMI was calculated by the Tanita analyzer by using the standard equation (kg m À2 ).
Vitamin D assessment
Serum 25(OH)D was assessed by the same two researchers throughout the study following the Institutional Biosafety Committee protocol for blood collection. A lancet was used to initiate a spot of blood from the finger, and then the finger was blotted on a special filter paper provided by ZRT laboratories (Beaverton, OR, USA). Samples were immediately labelled with the subject's name and stored at room temperature for 48 h until fully dry and then frozen at À10°F until further analysis. 
Dietary analyses
Finally, the participants were asked to complete a 3-d food record (two weekdays and one weekend day) and bring it with them to the first visit. The primary investigator examined all the food records for completeness; missing portion sizes were clarified to eliminate missing data. This information was used to help assess the participants' dietary intake regarding total calories, carbohydrate, fat and protein as well as vitamin D and calcium. Food records were later analyzed by a graduate-level nutrition student using Diet Analysis + for Windows Version 8 (2008; Stamford, CT, USA). All of the aforementioned procedures were completed twice during the course of the study; once at the beginning of the study and, again, following the 8-week supplementation period.
Dietary supplementation
Subjects were randomly assigned in a double-blind manner to receive either 5,000 IU of vitamin D (D 3 = 35) or maltodextrin as the placebo (PL = 36) (Shaklee Corporation, Pleasanton, CA, USA). Each subject was instructed to take five pills every day for the duration of the 8-week Obesity Science & Practice 25 (OH)D status in obese women J. M. Lukaszuk & P. E. Luebbers 101 study and to keep supplement bottles for recollection during the second visit. Supplement bottles were collected from each individual, and the number of pills remaining was recorded by investigators to assess compliance.
There were no differences between the groups at the beginning of the study on any of the measured dependent variables (p > 0.05). Baseline characteristics of each group can be found in Table 1 .
Statistical analyses
Data were analyzed using a 2 × 2 (Group × Time) repeated measures multivariate analysis of variance using PASW STATISTICS (version 18.0, 2009; SPSS Inc., Chicago, IL, USA). Separate univariate 1 × 2 ANOVA tests were conducted for any significant main effects from the multivariate analysis of variance. Equivalency of groups at baseline was determined by independent t-tests. The 3-d food records were assessed for differences between and within groups by independent t-tests and pairedsample t-tests. The significance of all tests was based on a p-value <0.05.
Results
There was a significant main effect for Group (Wilk's Λ(6,56) = 0.727, p = 0.005, partial η 2 = 0.273) and a significant main effect for Time (Wilk's Λ(6,56) = 0.339, p < 0.000, partial η 2 = 0.601). Additionally, there was a significant Group × Time interaction (Wilk's Λ(6,56) = 0.441, p < 0.000, partial η 2 = 0.559).
Follow-up univariate ANOVAs on the interaction revealed that daily D 3 supplementation significantly increased 25(OH)D levels in the experimental group compared with those in the placebo group (F (1,61) = 67.42, p < 0.000, partial η 2 = 0.525). This is displayed in Figure 1 . There were no differences for any of the other dependent variables; all of which can be found in Table 2 .
There were no differences in dietary intake between the groups at the beginning or upon conclusion of the study, nor were there any differences within the groups. Results of the 3-d food diaries can be found in Table 3 .
Supplement compliance
Supplement compliance was determined based on the number of pills left over after day 56, and the average level of compliance in taking either the vitamin D supplement or placebo was 94.9% AE 5.68% and 96.2% AE 4.09%, respectively. Two participants in the placebo group did not bring their remaining pills to be counted and therefore were not included in the aforementioned compliance rates.
Discussion
Daily D 3 supplementation of 5,000 IU for 8 weeks is capable of increasing serum 25(OH)D to adequate levels in middle-age women who were overweight or obese. To our knowledge, this is the first study using daily dosing of 5,000-IU D 3 supplementation exclusively in this population. The findings of this study concur with other studies (1,22,23 ).
There have been additional studies on individuals who are overweight or obese, indicating that higher amounts of supplemental vitamin D are necessary to achieve adequate vitamin D levels (26) (27) (28) times the daily requirement as recommended by IOM and the Endocrine Society appears to be necessary to achieve an adequate 25(OH)D status (1, 22, 23) . This study was conducted in Chicago, which is 41°n orth of the equator. At the initiation of this investigation, the mean vitamin D level for both groups was suboptimal, which is not uncommon in those living in colder climates during the winter months. This study was conducted intentionally in March through the first week in May to determine the effect of exogenous supplementation of vitamin D versus the effect of sun exposure. Supplementation brought most participants in the treatment group within an adequate range over a relatively short period of time. (29, 30) . This is a notable finding and contributes to the body of research related to how much supplemental vitamin D is tolerated without observing negative effects. This also shows serum blood levels may also be increased to what is considered adequate by most researchers in a short period of time with 5,000 IU d À1 of vitamin D. Adequate serum levels of vitamin D are important to maintain bone strength in children and adults. Severely deficient amounts of vitamin D cause osteomalacia (a softening of bones) particularly in the spine, pelvis and lower extremities in adults and increase fall risk (1, 31) . Research also implicates vitamin D insufficiency as a risk factor for a variety of chronic diseases including type 1 and 2 diabetes, osteoporosis, cardiovascular disease, hypertension, metabolic syndrome and cancer (5, 31) . Information about the dietary intake of participants was collected through 3-d food records, and the data were compared with current recommendations. Results from these data indicate that participants in both groups were not consuming an adequate amount of vitamin D from dietary sources. In fact, the mean average consumption was well below recommendations, therefore giving further support for use of vitamin D supplements in this population.
It is necessary to note the limitations and strengths of the design of this study. A limitation of this study was the relatively small size of the study sample. Future research should aim to recruit participants in higher numbers. Additionally, the 3-d food diaries were dependent upon self-reported information from the participants. This may have affected the accuracy of the dietary intake data.
A strength of the study was the time of year in which it was conducted -late winter into early spring. Exposure to sunlight is a possible confounding factor because this is difficult to control. The timing of this investigation was intended to minimize subjects' sun exposure, and investigators aimed to collect data during a time of year in Chicago, IL, USA, typically characterized by very little sun exposure and shorter periods of daylight, therefore decreasing the opportunity for subjects to alter their serum vitamin D levels through biological skin synthesis. The average temperature during the study period was 7.8°C (46°F), so it is likely that the weather conditions limited the amount of time that the participants spent outside.
The randomized, double-blind design was also a strength of this study. This design limits bias on the part of the researchers and/or participants related to desired outcomes and expectations. Finally, the high rate of compliance (overall average of 95.6%) among the participants in taking their respective D 3 supplement or the placebo strengthens the results of this investigation.
In conclusion, a promising finding was that there was a significant increase in serum vitamin D levels in women who were overweight or obese with daily supplementation of 5,000 IU of D 3 after only 8 weeks. Reports by both IOM and the Endocrine Society recommend that 3,000-5,000 IU/d may be required in individuals who are overweight and obese for long-term maintenance of adequate vitamin D levels.
